Sex-steroid hormones are well-known regulators of vocal motor behavior in several organisms. A large body of evidence now indicates that these same hormones modulate processing at multiple levels of the ascending auditory pathway. The goal of this review is to provide a comparative analysis of the role of estrogens in vertebrate auditory function. Four major conclusions can be drawn from the literature: First, estrogens may influence the development of the mammalian auditory system. Second, estrogenic signaling protects the mammalian auditory system from noise-and age-related damage. Third, estrogens optimize auditory processing during periods of reproductive readiness in multiple vertebrate lineages. Finally, brain-derived estrogens can act locally to enhance auditory response properties in at least one avian species. This comparative examination may lead to a better appreciation of the role of estrogens in the processing of natural vocalizations and mayprovide useful insights toward alleviating auditory dysfunctions emanating from hormonal imbalances.
a b s t r a c t
Sex-steroid hormones are well-known regulators of vocal motor behavior in several organisms. A large body of evidence now indicates that these same hormones modulate processing at multiple levels of the ascending auditory pathway. The goal of this review is to provide a comparative analysis of the role of estrogens in vertebrate auditory function. Four major conclusions can be drawn from the literature: First, estrogens may influence the development of the mammalian auditory system. Second, estrogenic signaling protects the mammalian auditory system from noise-and age-related damage. Third, estrogens optimize auditory processing during periods of reproductive readiness in multiple vertebrate lineages. Finally, brain-derived estrogens can act locally to enhance auditory response properties in at least one avian species. This comparative examination may lead to a better appreciation of the role of estrogens in the processing of natural vocalizations and mayprovide useful insights toward alleviating auditory dysfunctions emanating from hormonal imbalances.
Ó 2013 Elsevier Inc. All rights reserved.
Introduction: Sex-steroid hormones modulate sensory processing
A fundamental area of neurobiological research is the hormonal modulation of neural circuits and behavior. Hormones regulate both internal states, such as mood, stress, fluid balance, and appetite, and optimize interactions with the outside environment, modulating aggressive and reproductive encounters in a wide range of vertebrate taxa. In humans, hormone synthesis and hormone receptors are the targets of many therapeutic drugs aimed at alleviating disease and improving the quality of life during development, adulthood, and aging. Therefore, research on this topic has far-reaching implications for advancing knowledge in basic biomedical sciences and improving human health.
Sex-steroids are one class of hormones that have received particular attention for their involvement in sexual differentiation, mating, gestation, parturition, parental care, and aggression. Derived from cholesterol, they are synthesized in the gonads, adrenal gland and brain . Impor-tantly, the central nervous system may be modulated by both peripherally synthesized steroids (''neuroactive steroids'') and brain-derived steroids (''neurosteroids'') .
In addition to their known involvement in the behaviors mentioned above, sex-steroids play an important role in the regulation of vocal communication systems in various non-human species. Vocal communication necessitates both the production of a sound signal by a sender, and the reception of a sound signal by a receiver. Extensive research in birds, fish, and anuran amphibians (frogs and toads) has demonstrated robust, hormonally-mediated plasticity of vocal motor behaviors and their underlying neural substrates (for reviews seeBass, 2008 ; Brenowitz, 2004; Zornik and Kelley, 2011) . A growing body of literature is consistent with the notion that sex-steroid hormones also regulate auditory physiology and perceptual processes across a broad range of animal taxa. The primary goal of this review is to summarize these latter findings from a comparative standpoint.
Specifically, this review focuses on the influence of one of the most potent estrogens, 17b-estradiol (E 2 ), on central auditory structure and function. First, I discuss the importance of estrogenic signaling in the human auditory system under both normal and pathological conditions. Next, I present findings from research in rodents, anurans, fish and birds, highlighting both species-specific and species-wide estrogenic effects. I then review several cellular and molecular mechanisms that may underlie these findings. It is hoped that theinsights gained from such a comparative approach will improve our understanding of hormonally-mediated plasticity in sensory systems, and indicate potential sensory benefits and consequences of clinical hormone treatments.
Estrogens modulate human auditory function
For several decades, research has suggested that estrogenic signaling both modulates normal human auditory function, and underlies various auditory pathologies. Circumstantial and direct evidence supporting these claims is outlined below.
Men and women differ in their auditory capabilities
A number of reports have documented sex differences in human auditory perception. For example, women reliably demonstrate lower thresholds (or better perceptual sensitivity) forhigh-frequency sounds than males (Chung et al., 1983; Jönsson et al., 1998; Snihur and Hampson, 2011) . In addition, while both men and women underestimate the arrival time and the terminal distance of an approaching auditory object, women consistently perceive such objects to be closer than men do (Neuhoff et al., 2009) . Some have hypothesized that this systematic underestimation is not due to a neural computational ''error,'' but instead is part of an early warning system, allowing an organism to react more quickly to an oncoming predator (Guski, 1992) . If during evolutionary history women were at greater risk of predation, these findings might suggest that better auditory sensitivity and enhanced detection of approaching auditory objects in females represents an adaptive mechanism to increase their chances ofsurvival.
Women do not, however, perform better than men in all areas of auditory perception. For instance, Zündorf et al. (2011) presented men and women with naturally occurring, non-speech sounds and asked subjects to judge the location of the sounds in the horizontal plane. When sounds were presented in isolation, men and women performed equally well at localizing the auditory object. When sounds were presented simultaneously, however, and subjects were asked to localize one target sound while ignoring the distractors, men were more accurate in their location estimates than women. In a related study, Lewald (2004) found that when subjects were only allowed to use their right ear to localize a sound in the vertical plane, men outperformed women. Thus, men demonstrate an advantage over women in spatial auditory tasks; similar results from experimentstesting visuospatial abilities suggest that this sex difference may be hormonally based (for review see Clint et al., 2012) .
Physiological measurements also have identified consistent sex differences in human auditory processing. Two commonly used diagnostic assessments of auditory function, otoacoustic emissions (OAEs) and auditory brainstem responses (ABRs), have been used extensively in such investigations. These measures are described briefly here, as they will be mentioned frequently throughout this review.
OAEs are low intensity sounds that are emitted by the ear, and result from cochlear amplification. These sounds can be recorded easily using small microphones placed at the opening of the ear canal (Kemp, 1978) . OAEs can occur spontaneously (SOAEs) or can be evoked by auditory stimuli, including clicks (CEOAEs),and simultaneously presented tones that result in distortion products (DPO-AEs). OAEs are typically quantified by counting the number of emissions present and/or measuring their amplitude (in units of decibels sound pressure level, or dB SPL). The presence of strong, numerous OAEs indicates a healthy cochlea (Kemp, 2002) .
The ABR is a pooled, multi-wave neural response that occurs within 10-15 ms after the presentation of a sound stimulus and is recorded with electrodes placed on the scalp (Hall, 2007; Jewett and Williston, 1971; Jewett et al., 1970) . Standard quantification of ABRs includes measuring peak latencies (the time between stimulus onset and the peaks of successive ABR waves), inter-peak intervals (the time between the peaks of particular ABR waves), and in some cases, wave amplitude (the voltage differencebetween the peak and trough of a single ABR wave). ABR latencies and inter-peak intervals provide rough estimates of the transmission time along the ascending auditory pathway, though it is important to acknowledge that each wave has multiple neural generators. In practice, prolonged ABR latencies and reduced peak amplitudes are associated with decreased auditory function (Hall, 2007) .
Both OAEs and ABRs demonstrate reliable sexual differences (for review see McFadden, 1998) . Consistently, women generate more numerous SOAEs (Burns et al., 1992; McFadden and Loehlin, 1995; McFadden and Pasanen, 1999; Snihur and Hampson, 2011; Talmadge et al., 1993) and stronger CEOAEs (McFadden et al., 1996; McFadden and Pasanen,1998; McFadden et al., 2009a; Snihur and Hampson, 2011) than males. Women also have shorter wave-V ABR latencies, shorter wave-I-V inter-peak intervals, and larger wave-V amplitudes than males (Dehan and Jerger, 1990; Jerger and Hall, 1980; Jerger and Johnson, 1988; McFadden and Champlin, 2000; McFadden et al., 2010) . Thus, as expected from the perceptual studies described previously, women appear to have more sensitive auditory systems than men, and this advantage is manifest at the peripheral processing level.
Notably, these sex differences are present in infants (OAEs: Burns et al., 1992; ABRs: Eldredge and Salamy, 1996; Maurizi et al., 1988) , raising the possibility that they are the result of ''organizational'' effects of sex-steroid hormonesduring prenatal development. In support of this notion, McFadden (1993) reported that females with male co-twins have significantly fewer SOAEs than females without male co-twins. This finding was interpreted to mean that the androgens produced by the developing male embryo ''masculinized'' the cochlea of the female twin (for reviews on this topic see McFadden, 2002 McFadden, , 2008 McFadden, , 2009 McFadden, , 2011 ; for more information about the role of intrauterine position in the exposure to and effects of sex-steroid hormones on prenatal development, see vom Saal, 1989) . Similarly, it has been proposed that prenatal hormone exposure may contribute both to the development of a non-heterosexual orientation, and masculinized CEOAEs Pasanen, 1998), SOAEs (McFadden and Pasanen, 1999) , and wave-V ABR latencies (McFadden and Champlin, 2000) in homosexual and bisexual women. In a direct test of this hypothesis, McFadden and colleagues measured OAEs in rhesus monkeys (Macaca mulatta; McFadden et al., 2006) , and Suffolk sheep (Ovis aries, McFadden et al., 2009b ) that had been administered testosterone during prenatal development. In both cases, they found that testosterone treatment masculinized the CEOAEs of female offspring. Intriguingly, there was a trend for prenatal E 2 treatment to similarly masculinize sheep CEOAEs (McFadden et al., 2009b) , but the sample size of only 2 animals was too small to allow for any firmconclusions. Nevertheless, these findings collectively raise the interesting possibility that prenatal masculinization of the auditory periphery and brainstem may be mediated by testosterone and/or its estrogenic metabolites, leading to fundamental differences in auditory detection and localization.
Female auditory function fluctuates during the menstrual cycle
In addition to the possible hormonal influence on prenatal auditory development described above, estrogenic signaling has important ''activational'' effects on the mature auditory system, examples of which are detailed here and in the following sections. Case reports linking the female reproductive cycle and auditory function date back over 40 years. In general, patients experience fluctuating hearing loss in the luteal phase of their cycle, when E 2 levels aremoderately elevated (Andreyko and Jaffe, 1989; Miller and Gould, 1967; Fig. 1A) . One study, however, reported a patient with hearing loss, tinnitus and right ear blockage during menstruation, when E 2 levels are low (Souaid and Rappaport, 2001; Fig. 1A) .
These anecdotal findings led some researchers to study this phenomenon in more detail. Two studies that compared pure-tone audiometric thresholds in normal women across the ovulatory cycle reported poorer sensitivity during menstruation (Cox, 1980; Swanson and Dengerink, 1988) . More recent studies have demonstrated cyclical ABR and OAE fluctuations. During the late follicular andovulatory phases, when E 2 levels peak ( Fig. 1A) , OAE frequencies are highest (Al-Mana et al., 2010; Bell, 1992; Penner, 1995) , ABR wave-V latencies are delayed (Al-Mana et al., 2010; Dehan and Jerger, 1990; Elkind-Hirsch et al., 1992b) , and the interval between wave-I and V is prolonged (Elkind-Hirsch et al., 1992b; Souaid and Rappaport, 2001 ; but see Caruso et al., 2003a for a contradictory finding). Other indicators of auditory function also may change across the reproductive cycle, including medial olivocochlear suppression (a reduction of cochlear gain mediated by an efferent input to the outer hair cells; Al-Mana et al., 2010), binaural beat detection (Tobias, 1965) , sound localization capabilities (Haggard and Gaston, 1978) , temporary threshold shifts (Swanson and Dengerink, 1988) , and acoustic reflex thresholds (Laws and Moon, 1986) . These cyclical changes are abolished when hormonal fluctuations are disrupted by oral contraception (Caruso et al., 2003a; Elkind-Hirsch et al., 1992b; Snihur and Hampson, 2012; Swanson and Dengerink, 1988 ).
The functional indicators described above have various underlying neural mechanisms, suggesting that E 2 likely exerts its effects at multiple relays in the ascending auditory pathway. Little is known, however, about estrogen receptor (ER) expression in the human auditory system. Only a single study has explored the expression pattern of ERs in the human inner-ear. Stenberg et al. (2001) reported that in adult women, ER immunostaining was restricted to the stria vascularis (the structure responsible for maintaining the fluid and ion balance of the cochlea) and the type I spiral ganglion neurons (thick myelinated afferents that primarily innervate inner hair cells). As the authors noted, caution is warranted in interpreting these results because of the difficulty in obtaining well-preserved human tissue (Stenberg et al., 2001) . Additional research is needed to elucidate the distribution pattern of ERs throughout the human auditory system, particularly during different stages of development and different stages of the menstrual cycle, so that one can more accurately predict the specific sitesof estrogenic action.
Auditory dysfunction is prevalent during pregnancy
During pregnancy, when E 2 levels rise continuously until parturition, correlated changes in auditory function also occur. For example, throughout pregnancy, low-frequency audiometric thresholds significantly worsen, and during the third trimester, women perceive lower levels of sound as uncomfortably loud (Sennaroglu and Belgin, 2001) . Self-reports and case studies indicate that other auditory symptoms, such as fullness in the ear, tinnitus, and autophonia, are more prevalent during pregnancy and symptoms resolve after giving birth (Gurr et al., 1993; Mukhophadhyay et al., 2007; Schmidt et al., 2010; Tsunoda et al., 1999) . Physiologicalfindings support these claims: Tandon et al. (1990) found that ABR inter-peak intervals are prolonged during pregnancy. Additionally, in rare circumstances pregnancy may cause sudden deafness (Goh and Hussain, 2012; Kenny et al., 2011) . The exact etiology of these symptoms is still unknown, though many hypotheses have been proposed, including hormonally-mediated osmotic shifts that alter the ionic balance of the cochlea, and cochlear hypoxia resulting from compromised circulation (for review see Goh and Hussain, 2012) . These findings indicate that in certain circumstances, alterations in sensory function may result from indirect hormonal actions on other physiological processes.
Auditory function is diminished after menopause, but may be restored by estrogen replacement
Deficits in auditory function also accompany menopause. For instance, Wharton and Church (1990) found that ABR peak latencies increase and ABR peak amplitudes decrease as a function of age, but these changes are greater in females compared to males, possibly as a result of hormonal changes that underlie menopause. This notion is supported by Kim et al. (2002) , who found that the incidence of hearing loss in a large sample of postmenopausal women was inversely correlated with serum E 2 levels.
Further evidence comes from studies that examined the effects of hormone replacement therapy. In general, hormone replacement improves pure-tone audiometric thresholds (Hederstierna et al., 2007; Kilicdag et al., 2004) , shortens ABR peak latencies (Caruso et al., 2003b; Khaliq et al., 2005 , Khaliq et al., 2003 Sator et al., 1999) , and increases ABR peak amplitudes (Khaliq et al., 2005; Khaliq et al., 2003) in postmenopausal women. Conversely, one study found that estrogen replacement therapy actually increases ABR latencies and inter-peak intervals (Elkind-Hirsch et al., 1992a) . One possible explanation for this apparent contradiction lies in the fact that the subjects in the study by Elkind-Hirsch and colleagues were relatively young women (29-42 years old) being treated for premature ovarian failure. Incontrast, the subjects in the other studies ranged from 45-70 years, suggesting that estrogen sensitivity may be age-dependent. Regardless, these findings indicate that proper E 2 levels and/or estrogenic sensitivity are important for the maintenance of auditory health in adult and aging women. The human menstrual cycle. Estrogen levels gradually rise during the follicular phase, peaking just prior to ovulation. A smaller estrogen surge occurs after ovulation, during the mid-luteal phase. Estrogen levels drop at the end of the luteal phase and remain low during menstruation. (B) The rat estrus cycle is similar to the human menstrual cycle. Estrogen levels peak once, during proestrus. Estrogen levels remain low throughout estrus, and gradually begin to rise at the end of metestrus, and into diestrus. Estrus cycle length is species-dependent. In rats (depicted here), the entire cycle lasts 4 days.
Auditory pathology is common in Turner's syndrome patients
Clinical disorders that cause disruptions in normal hormonal homeostasis provide further insight into the role of estrogens in auditory function. Turner's syndrome is one such abnormality that results in the complete or partial loss of one X chromosome. Women with this syndrome do not develop ovaries, and therefore, are estrogen deficient. Recurring episodes of middle-ear inflammation (otitis media) is frequent among this patient population (Hultcrantz, 2003; Stenberg et al., 1998) . In addition, sensorineural hearing loss is common, and the rate of hearing decline over time is higher than in the general population (Güngör et al., 2000; Hederstierna et al., 2009b; Hultcrantz and Sylven, 1997; Hultcrantz et al., 1994; Hultcrantz, 2003) . Furthermore, ABRs also may exhibit abnormalities. For example, Güngör et al. (2000) found that wave-I and III latencies were lengthened in Turner's syndrome patients relative to controls; however, Hederstierna et al. (2009a) found no such difference. This disparity partially may be explained by differences in the criteria used for subject selection: Güngör et al. included patients with conductive hearing loss; Hederstierna et al. did not. Additionally, (and somewhat paradoxically), Hederstierna et al. (2009a) reported that on average, Turner's syndrome patients demonstrated shorter wave-V latencies compared to controls. The authors posited that Turner's syndrome patients may have shorter auditory nerves, and this length difference could give rise to an earlier wave-V peak latency; to date, however, the true cause of this finding remains unknown. Finally, other central deficits are manifest in these women, including difficulty with sound source localization (Hederstierna et al., 2009a) . Thus, proper estrogenic tone may be necessary for normal auditory development, and the maintenance of auditory health, not only in aging women, as outlined in the previous section, but young, premenopausal women as well.
Estrogens and auditory function in animal models
The human studies summarized above strongly suggest that estrogens influence auditory physiology and perception. For obvious ethical reasons, however, we must rely heavily on animal models to test the causality of these relationships and elucidate underlying mechanisms. Thus, the following sections will discuss key findings from research performed on a wide range of vertebrate taxa. It is hoped that the wealth of information that has been and continues to be generated from such studies will improve our understanding of hormone-mediated plasticity, and create new avenues for both basic and translational research.
Estrogens and the rodent auditory system

Behavioral discrimination changes during the rodent estrus cycle
Similar to humans, adult rodent auditory processing appears to be sensitive to changes in hormonal state that are associated with the reproductive cycle. For example, Ehret and Schmid (2009) compared the behavioral responses of virgin mice (Mus musculus) to synthetic models of pup ''wriggling'' calls at different stages of the estrus cycle. Mouse pups generate these ''wriggling'' calls when an adult female is in a nursing or warming position; such females, in turn, respond to these calls by licking pups, building nests, and adjusting their body position. The authors reported that pup call discrimination fluctuated with the estrus cycle. Discrimination was worst during the estrus phase, when circulating levels of E 2 are low, and best during the diestrus phase, when E 2 levels are beginning to rise (see Fig. 1 for a comparison between the human menstrual and rodent estrus cycle). While it remains unclear whether this effect is specific to the auditory system, it should be noted that ERa gene expression within the mouse cochlea fluctuates over the course of the estrus cycle as well, with downregulated expression during periods of high E 2 (Charitidi et al., 2012) . Similar findings were observed in the rat (Rattus norvegicus) inner-ear, with weaker immunohistochemical staining for ERs during late pregnancy (when E 2 levels are elevated) compared to early pregnancy (Simonoska et al., 2009a) . Thus, natural oscillations of estrogenic signaling in the rodent cochlea may contribute to altered neural discrimination and behavioral responsiveness.
3.1.2. Changes in estrogenic signaling may contribute to age-related auditory decline in the rodent Rodent auditory function also has been explored in the context of menopause and hormone replacement therapy. To start with, Guimaraes et al. (2004) examined ABRs and DPOAEs in male and female mice at three different ages. Young adult mice (2.1-2.9 months old) showed no sex differences in DPOAE levels or ABR magnitudes. Male mice began to show decreased DPOAE levels in middle age (14-16.4 months old) and demonstrated decreased ABR magnitudes in old age (24.3-29.0 months old). Females, on the other hand, only began to show declines in DPOAE levels in old age (after menopause), and did not show deficits in ABR function at any age tested. These findings suggest that estrogenic signaling may help to maintain and/or protect the health of the cochlea, leading to a reduced rate of functional decline in females during adulthood and maturity. Coleman et al. (1994) examined the effect of estrogen replacement on ABR latencies in young adult (90-day-old) ovariectomized rats. They found that moderate doses of estrogen replacement shortened ABR latencies and inter-peak intervals relative to vehicle-treated females, but larger estrogen doses actually had the opposite effect, prolonging some peak latencies. Conversely, the same moderate dose of estrogen that was effective in young adult rats did not affect ABR latencies in aged (20-month-old) ovariectomized rats (Cooper et al., 1999) . Finally, a study by Price et al. (2009) revealed that prolonged administration of systemic E 2 to middle-aged, ovary-intact mice (15-17 months old) worsened ABR thresholds. Taken together, these data suggest a clear sensitivity of the rodent auditory system to E 2 , but specific effects appear to result from a complex interplay of age and estrogenic signaling.
Several immunohistochemical studies support the idea that the impact of E 2 on the rodent auditory system is age-dependent. For example, the intensity of ER immunostaining is reduced in the cochleae of aged male and female mice, compared to younger adults (Motohashi et al., 2010) . Similarly, Charitidi and colleagues found that the distribution pattern of ERa and ERb in the mouse ascending auditory pathway changed as a function of age for both males and females . In prepubertal (4-week-old) mice, ERa and ERb were spatially segregated, such that ERb + neurons were primarily found in the auditory brainstem and periphery, and ERa + neurons were concentrated in the inferior colliculus and (to a smaller degree) the auditory cortex. Aged mice (26-28 months old), on the other hand, expressed both ER subtypes throughout the auditory pathway. These results suggest that age-related changes in the estrogenic sensitivity of auditory structures may contribute to the efficacy of hormone replacement after natural or surgically-induced menopause, as previously suggested by human menopausal studies. Further research on this topic is warranted.
ERb protects the mouse auditory system from damage
The findings presented above have led some researchers to hypothesize that ERa and ERb serve different functions in the mammalian auditory system (Charitidi et al., 2012) . Two studies investigated this issue directly in ERa and ERb knockout mice. Meltser et al. (2008) measured ABR thresholds in 12-22 week old male and female mice before and after prolonged exposure to highintensity broadband noise. This type of acoustic trauma induces a temporary threshold shift that recovers within 48 h. Noise exposure induced significantly greater threshold shifts in mice lacking ERb than in wild-type (WT) or ERa knockouts. Furthermore, WT mice that were pre-treated with a selective ERb agonist (2,3-bis (4-hydroxylphenyl)-triyl-trisphenol, DPN) before noise exposure demonstrated reduced threshold shifts compared to vehicle-treated mice. Thus, ERb-dependent signaling appears to protect the mouse auditory system from acoustic trauma.
Similarly, Simonoska et al. (2009b) examined auditory physiology and morphology in female ERb À/À mice and WT littermates at two different ages. While no functional or morphological differences were observed between the groups at 3 months, ERb knockouts showed significant deficits by 1 year of age. Specifically, ERb À/ À mice lacked measurable ABRs, showed a marked loss of hair cells and spiral ganglion cells, and displayed gross cochlear degeneration. Thus, in the mouse, ERb expression is important for the maintenance of normal auditory morphology and function. Collectively, these two studies suggest that ERb-mediated signaling cascades protect the mammalian auditory periphery from environmental and age-related damage; additional evidence indicates that brain-derived neurotrophic factor (BDNF) may be involved in such protection (for details see Section4.1 below).
E 2 regulates cortical and behavioral responses to pup vocalizations in female mice
Apart from its role in auditory development and health, E 2 appears to be a key regulator in experience-dependent auditory plasticity. An excellent example of such regulation comes from studies of pup retrieval by female mice (for review see Miranda and Liu, 2009) . When a mouse pup is isolated from the nest, it emits an ultrasonic vocalization, which prompts search and retrieval behavior by the mother. Data suggest that hormonal state and prior experience with pup care interact to regulate vocalization recognition and/or salience. For example, mothers, but not virgins or ovariectomized females, demonstrate a behavioralpreference for playback of pure-tones that are spectrally matched to pup ultrasonic vocalizations (Ehret and Koch, 1989; Ehret et al., 1987) . Five days of pup experience, however, are sufficient to induce vocalization preference in virgins and in E 2 -treated ovariectomized females; longer exposure periods are required to generate the same behavioral effect in untreated ovariectomized animals (Ehret and Koch, 1989) . Furthermore, while vocalization preference is retained in gonadally-intact mothers one month after being separated from their pups, it is lost in mothers that were ovariectomized after the separation event (Ehret and Koch, 1989) . Thus, E 2 appears to enhance the acquisition and retention of behavioral preferences for pup isolation calls, though it could do so by targeting anyof a number of neural circuits, including those that are non-auditory. Fichtel and Ehret (1999) provided the first supporting evidence that differences in auditory function may underlie these effects. They exposed mothers and pup-naïve virgin mice to synthetic calls for a 45-min period. Immediately after exposure, animals were sacrificed and the brains were labeled for c-Fos, an immediate-early gene marker for recent neural activity. Mothers and virgins demonstrated different spatial patterns of c-Fos expression across the auditory cortex subfields.
A separate set of experiments explored this finding in more detail by comparing activity from the auditory cortex of mothers and virgins that lacked previous pup experience. Liu et al. (2006) presented anesthetized mice with sets of pup isolation calls that varied in repetitionrate. When calls were presented at the naturally occurring rate of 5 Hz, cortical multi-unit responses from mothers demonstrated robust responses to each call within a bout, thus demonstrating temporal entrainment. Responses from virgins, on the other hand, were only able to entrain temporal modulations when calls were presented at a rate of 3 Hz or less. Furthermore, an information-based analysis revealed that when single-and multi-unit auditory cortex responses are analyzed with a fine temporal window, responses from recent mothers convey more bits of information about pup call detection and discrimination compared to responses from pup-naïve virgin females (Liu and Schreiner, 2007) . Finally, Galindo-Leon et al. (2009) examined single-unit and local-field-potential recordings from the auditory cortex of awake, head-restrained mice. They reported that mothers and pup-naïve virgins display differences in inhibition for neural sites tuned to frequencies lower than 50 kHz. Specifically, they found that at these sites, mothers demonstrate a greater magnitude and duration of call-evoked inhibition, shorter latencies to inhibition onset, and greater trial-to-trial reliability of the inhibitory response. These neural sites were tuned to just below (i.e. laterally to) the frequency range of pup vocalizations (60-80 kHz), suggesting that enhanced lateral band inhibition serves to improve cortical contrast and detection of pup calls in maternal caregiving females. While carefully controlled hormone manipulations and measurements are required to draw any further conclusions, it is important to note that the mouse auditory cortex is likely sensitive to endogenous E 2 , as evidenced by the expression of aromatase (the enzyme responsible for converting testosterone into E 2 ; , ER mRNA and ER protein in males and females of reproductive age. Taken together, these findings suggest that differences in estrogenic state and pup care experience regulate the processing of vocal stimuli in the mouse auditory cortex.
Estrogens and the anuran auditory system
For over three decades, anuran species, which use vocal communication extensively in courtship behaviors, have been popular model organisms to investigate auditory plasticity, particularly in a seasonal context (for review see Arch and Narins, 2009 ). Seasonalplasticity consists of adaptive changes in the brain and behavior of an organism in response to environmental variations in day length (photoperiodicity), ambient temperature, rainfall, and food availability (Brenowitz, 2004) . Such environmental cues stimulate the production of sex-steroid hormones, including estrogens, which can dramatically reshape the neural substrates underlying reproductive and communication behaviors (Bass, 2008; Meitzen and Thompson, 2008; Sisneros, 2009c) .
The majority of studies that have investigated seasonal auditory plasticity in anurans have focused on the torus semicircularis (TS), a midbrain homolog to the mammalian inferior colliculus. As early as 1980, Walkowiak demonstrated the existence of seasonal plasticity in the TS of the fire-bellied toad (Bombina bombina). By obtaining extracellular single-unit recordings, he revealed an elevated level of spontaneous activity during the breeding season, when compared with the non-breeding season. A similar finding was described a short time later by Hillery (1984) , who showed that sound-evoked activity also exhibits a seasonal pattern of plasticity. During the breeding period, TS auditory-evoked potentials are larger, and multi-unit pure-tone thresholds are lower (better) in the treefrog (Hyla chrysoscelis; Hillery, 1984) . Seasonal differences in tuning and temporal properties of auditory midbrain neurons also have been described. For example, during the breeding period, single-units in the TS of male Northern leopard frogs (Rana pipiens pipiens) show stronger phase-locking to amplitude-modulated tones designed to mimic the envelope of a natural advertisement call (Goense and Feng, 2005) . The authors postulated that such enhanced time-locking may be beneficial for call discrimination during periods of intense background noise, such as during the conspecific mating chorus. Furthermore, the authors observed seasonal shifts in the distribution of single-unit characteristic frequencies, such that the number of neurons tuned to low frequencies (100-500 Hz) increased gradually throughout the summer and fall, the number of neurons tuned to intermediate frequencies (700-1200 Hz) gradually declined, and the number of neurons tuned to higher frequencies remained constant (Goense and Feng, 2005) . Neurons sensitive to 100-1200 Hz likely receive their input from the amphibian papilla, one of two peripheral auditory structures found in anurans.Because high-frequency neurons receive input from the other end organ, the basilar papilla, the authors hypothesized that the observed seasonal differences in frequency tuning may originate in the periphery (Goense and Feng, 2005) . Finally, a related study reported stronger auditory-evoked multi-unit response strengths in the TS of unmated female green treefrogs (Hyla cinerea) compared to their recently mated counterparts (Miranda and Wilczynski, 2009 ). These findings indicate that during periods of reproductive receptivity, neuronal discharge patterns and properties of the anuran auditory midbrain are enhanced in a manner that could aid in the processing of acoustic mating and/or territorial calls.
While these studies provide only indirect evidence of estrogenic effects on the auditory circuits that process communication calls, a separate report demonstrated that intraventricular administration of E 2 increases the amplitude of tone-evoked potentials in the TS of female Northern leopard frogs (Yovanof and Feng, 1983) . In addition, it is interesting to note that mRNA for both nuclear ER subtypes, ERa and ERb, is expressed in the auditory midbrain of male and female túngara frogs during the reproductive period (Physalaemus pustulosus; Chakraborty and Burmeister, 2010) . Thus, auditory coding in the anuran auditory midbrain may be modulated by the direct action of gonadal and/or brain-derived E 2 .
It is increasingly clear that E 2 plays an active role in the regulation of auditory processing, but the reciprocal also is true: acoustic cues can modulate E 2 production, and these modulations can be influenced by social context. For example, in female túngara frogs, circulating levels of E 2 increase after acoustic exposure to a mate chorus, but remain steady after exposure to spectrally-matched synthetic stimuli (Lynch and Wilczynski, 2006) . Based on neuroanatomical and neurophysiological evidence, it is thought that this endocrine response is mediated by auditory-evoked activity carried by projections from the TS and the thalamus to the preoptic area and hypothalamus (for review see Wilczynski et al., 1993) . Thus, estrogenic and auditory function can interact in a bidirectional manner to optimize behavioral responses to salient stimuli.
Collectively, these findings suggest that in anuran species, E 2 mediates seasonal-and experience-dependent changes in auditory midbrain physiology that may lead to enhanced processing of conspecific vocalizations during periods of reproductive readiness. Additional research is needed to determine whether E 2 similarly affects other regions in the ascending auditory pathway.
Estrogens and the fish auditory system
Additional insight into estrogenic modulation of auditory function can be gleaned from a growing number of studies on teleost species, members of the ray-finned fish (Actinopterygii) taxonomic class. One compelling series of experiments that focused on the midshipman fish (Porichthys notatus) again highlights the utility of assessing such effects in the context of seasonal plasticity (for reviews see Sisneros, 2009a,c) . In this species, nest-building males generate a ''hum''-like advertisement call to attract gravid females to their nest. Extracellular recordings of single auditory nerve afferents in such females revealed that during the summer, maximum tone-evoked firing rates increase, phase-locking strengthens and frequency-tuning shifts upwards, enabling better encoding of the high-frequency harmonics that dominate the male advertisement call (Sisneros and Bass, 2003) . Notably, these effects can be induced in non-reproductive females in the laboratory by systemic treatment with E 2 (Sisneros et al., 2004) . These changes are paralleled by enhanced auditory sensitivity of the inner-ear end organ, the saccule (Rohmann and Bass, 2011; Sisneros, 2009b) . In a recent study, Coffin et al. (2012) identified seasonally-mediated saccular hair cell addition as the potential anatomical substrate underlying these functional modulations. Additionally, during the breeding period, ERa mRNA is expressed in the female midshipman saccular epithelia (Sisneros et al., 2004; Forlano et al., 2005) , and the enzyme aromatase localizes to auditory nerve ganglion cell bodies (Forlano et al., 2005) . Together, these findings suggest that in the reproductive female midshipman fish, gonadally and locally synthesized E 2 initiates signaling cascades in the auditory nerve that may influence hair cell survival, peripheral auditory physiology, and ultimately, the perception of and behavioral response to male advertisement calls. It will thus be interesting to further explore whether E 2 directly modulates auditory responses in more central subregions of the midshipman, such as the TS, which also expresses ERa mRNA (Forlano et al., 2005) .
In a separate set of experiments, Maruska and colleagues investigated the role of estrogens in the auditory system of the Tanganyikan cichlid fish (Astatotilapia burtoni). The authors recorded auditory evoked potentials in females that were in one of two reproductive states: gravid (i.e. ready to spawn), or mouthbrooding (a period that occurs post-spawning when developing young are reared in the mouth; Maruska et al., 2012) . It was found that gravid females display better sensitivity to low-frequency sounds that match the spectral properties of male courtship signals compared with mouthbrooding females. Moreover, systemic hormone measurements revealed a correlation between circulating levels of E 2 and auditory performance, such that higher E 2 levels were associated with better auditory thresholds (Maruska et al., 2012) . In a related work, ER and aromatase mRNA expression levels varied in the cichlid inner-ear as a function of reproductive condition (Maruska and Fernald, 2010) . Circulating levels of E 2 in gravid females were elevated, while concomitantly, the expression of ERa, ERba (one of two ERb subtypes found in teleost fish) and aromatase were diminished compared to females that had recently spawned. Thus, estrogenic signaling in the cichlid auditory periphery may regulate the encoding of auditory stimuli in an experience-dependent manner, such that mate-ready females demonstrate enhanced sensitivity to courtship signals.
Together, these studies indicate that in some teleost fish, E 2 action optimizes behavioral responses to acoustic mating displays by synchronizing periods of reproductive readiness and maximum auditory receptivity. Additional research on diverse fish species may provide a better understanding as to whether these findings represent an evolutionary-conserved mechanism in teleosts, as might be suggested by presence of aromatase in the peripheral and central auditory system of the goldfish (Carassius auratus; Gelinas and Callard, 1997), or whether they represent independent evolutionary events, as might be suggested by the absence of seasonal/hormonal auditory plasticity in the Lusitanian toadfish (Halobatrachus didactylus; Vasconcelos et al., 2011) and the association of high E 2 levels with poorer auditory thresholds in the round goby (Neogobius melanostomus; Zeyl et al.,2013) .
Estrogens and the songbird auditory system
Songbirds, which rely heavily on learned vocalizations for mate attraction and territorial defense, have contributed greatly to our understanding of hormonal regulation of vocal motor systems over the past 3 decades (Brenowitz, 2008) . In recent years, however, they also have become increasingly popular experimental models to investigate sex-steroid-mediated auditory plasticity. This section of the review will focus on two different, but complementary lines of research, each supporting a role for estrogenic modulation of songbird auditory physiology.
3.4.1. Brain-derived E 2 modulates auditory processing in the zebra finch caudomedial nidopallium
The first line of songbird research evaluated here focuses on the caudomedial nidopallium (NCM) of the zebra finch (Taeniopygia guttata). NCM is a second-order auditory forebrain region specialized for processing conspecific songs, and is thought to be analogous to mammalian auditory association cortex (Fig. 2. ) Several independent lines of evidence have demonstrated that E 2 is an important regulator of auditory processing in NCM neurons. For starters, aromatase is expressed in adult zebra finch NCM cell bodies and presynaptic terminals in both sexes (Peterson et al., 2005) . Playback of conspecific song (but not white-noise) increases E 2 levels in NCM of males and females within 30 min, without affecting circulating levels of E 2 , or its precursor, testosterone (Remage-Healey et al., 2008 . This fluctuation in E 2 concentration depends on excitatory glutamatergic signaling and presynaptic voltage-gated calcium influx (Remage-Healey et al., 2008 , 2011 . Thus, exposure to a conspecific acoustic stimulus rapidly regulates locally synthesized E 2 .
Because NCM of both sexes not only produces E 2 , but also expresses ERs, Metzdorf et al., 1999) , NCM neurons are logical targets of estrogenic action. For example, infusion of exogenous E 2 into NCM increases multi-and single-unit soundevoked activity, and auditory response strengths in both males and females (Remage-Healey et al., 2010 Remage-Healey and Joshi, 2012; Tremere et al., 2009; . Similarly, local inhibition of aromatase decreases firing rates and response strengths Tremere et al., 2009; .
In addition, the impact of estrogenic signaling in NCM extends to at least one downstream sensorimotor nucleus: HVC (used as a proper name). Direct administration of E 2 to NCM of adult males enhances neural selectivity in HVC for the bird's own song (BOS) compared to the song of a conspecific. This finding is consistent with the fact that application of fadrozole (an aromatase inhibitor) to NCM decreases this selectivity (Remage-Healey and Joshi, 2012) . Notably, direct pharmacological manipulation of HVC itself, or another nearby auditory region, the caudomedial mesopallium (CMM), has no effect on HVC electrophysiological response properties, indicating that the site of estrogenic action is specific to NCM. These effects are thought to depend on a membrane-bound receptor, as infusion of a membrane-impermeable E 2 -biotin conjugate into NCM recapitulates several of these findings, including increased auditory response strengths in NCM and increased neural BOS selectivity in HVC (Remage-Healey and Joshi, 2012). Furthermore, male zebra finches display an innate behavioral preference for BOS, or for the song of their male tutor, than for the songs of other conspecific males. Playback experiments demonstrate that disruption of E 2 synthesis in NCM abolishes this natural preference (Remage-Healey et al., 2010; . Collectively, these findings show that the reception of ethologically-relevant acoustic stimuli rapidly upregulates E 2 synthesis in NCM, which in turn, enhances auditory response properties in NCM and HVC, ultimately shaping behavioral song preferences and/or discrimination capabilities.
Systemic E 2 mediates seasonal auditory plasticity in several songbird species
The studies summarized above indicate that brain-derived E 2 plays an important role in regulating auditory function in the zebra finch NCM and HVC. A separate line of research, however, focusing on hormonal modulation of the songbird auditory system in a seasonal and reproductive context, reveals that E 2 actually affects neuronal response properties throughout the ascending auditory pathway and in multiple songbird species. Key issues emerging from this growing body of literature are discussed below.
Lucas and colleagues performed a series of experiments to explore seasonal effects on peripheral and brainstem auditory function in males and females of several avian species. They found that both Carolina chickadees (Poecile carolinensis) and house sparrows (Passer domesticus) exhibited increased ABR peak amplitudes during the spring, compared with other times of the year (Henry and Lucas, 2009; Lucas et al., 2002 Lucas et al., , 2007 . Cochlear microphonic and frequency-following-response measurements in chickadees indicate that some of these seasonal differences include both sensory and neural components (Lucas et al.,2007) . Conversely, spring ABR peak amplitudes are lower, and ABR peak latencies are prolonged compared to winter responses in both white-breasted nuthatches (Sitta carolinensis) and downy woodpeckers (Picoides pubescens; Lucas et al., 2002 Lucas et al., , 2007 . Together, these findings suggest that seasonal plasticity in peripheral and brainstem auditory processing may be a widespread phenomenon among avian species, including non-songbirds (the woodpecker), though the nature of the effects may depend on species-specific differences in foodgathering strategies, predation risk, or reproductive state.
The results of the Lucas et al. studies provoke additional thought as to whether seasonal plasticity in the avian auditory periphery and brainstem is vulnerable to E 2 -dependent mechanisms. Immunohistochemical analysis has revealed ERaexpression in the hair cells, support cells and cochlear ganglion cell bodies in both sexes of two songbird species: the zebra finch (Noirot et al., 2009) and the white-crowned sparrow (Zonotrichia leucophrys gambelii; similar patterns observed under both breeding and non-breeding conditions; Yuan Wang, Eliot Brenowitz and Edwin Rubel, unpublished observations) . Similarly, zebra finch hair cells also express aromatase (Noirot et al., 2009 ). These findings suggest that estrogenic signaling may indeed mediate seasonal plasticity in the avian inner-ear and auditory brainstem relays. Two additional studies shed further light on this issue.
In one set of experiments, Gall et al. (2013) presented house sparrows with two sets of acoustic stimuli and measured ABRs. The first stimulusset, tone-bursts embedded in spectrally-notched white-noise, served to assess auditory filter bandwidth, or frequency selectivity. The second stimulus set, pairs of tone bursts separated by various time intervals, was used to determine temporal resolution. Their results revealed that during the spring, female house sparrows had sharper auditory filters and poorer temporal resolution than in the autumn. While the precise adaptive significance of this finding is unclear, one possibility is that during the breeding season, spectral cues in the advertisement song honestly indicate male quality, and thus females sacrifice precise temporal processing in order to enhance frequency discrimination and improve their chances of identifying a high-quality mate. In addition, systemic E 2 levels were greater in the spring than in the autumn, implying that this synergistic change in the auditory system is triggered by elevated E 2 . These results strongly suggest thatestrogenic signaling shapes seasonal changes in auditory response properties of female house sparrows.
In related research, Caras et al. (2010) explored peripheral and auditory brainstem function in a closely related species, and pronounced seasonal breeder, Gambel's white-crowned sparrow. Wild-caught female birds were brought into breeding and nonbreeding conditions in the laboratory using previously validated photoperiod and hormone manipulations. Specifically, to induce breeding condition, birds were exposed to long days, typical of their Alaskan summer breeding grounds (20 h of light; 4 h of darkness) and implanted with a subcutaneous pellet that released supplementary E 2 systemically. To induce non-breeding condition, birds were exposed to short day lengths and did not receive any supplementary E 2 . ABR measurements from femaleshoused under breeding condition (when plasma E 2 levels are high) revealed poorer thresholds and prolonged peak latencies compared with ABRs recorded from non-breeding females (Caras et al., 2010) . These findings are unlikely to be the result of impaired non-linear inner-ear amplification because DPOAEs were unaffected by hormonal state. Thus, direct manipulation of E 2 levels in a wild-caught songbird led to corresponding changes in peripheral and/or brainstem neural activity.
In order to better understand the implications of the above findings, a separate group of female white-crowned sparrows were brought into breeding and non-breeding condition in the laboratory. Extracellular single-unit responses to pure-tone and conspecific song stimuli from field L (Fig. 2) , the avian analog of the mammalian primary auditorycortex, were subsequently recorded (Caras et al., 2012) . The authors examined the effect of E 2 on two functionally distinct cell types that are common in the auditory system: Monotonic cells steadily increase their firing rates when presented with a pure-tone stimulus of increasing intensity, eventually reaching a saturation point at high sound levels. Non-monotonic cells, on the other hand, increase their firing rates only up to a given sound level; at higher intensities, their firing rates are suppressed. The authors found that for monotonic cells, E 2 treatment increased spontaneous firing rates, maximum evoked firing rates and auditory response strengths across a wide range of stimulus intensities (Fig. 3A) . This increased activation led to enhanced pure-tone sensitivity (Fig. 3C) and an expanded dynamic range for conspecific vocalizations. Furthermore, the response properties of individual monotonic neurons strongly correlated with the concentration of circulating E 2 , revealing a robust dose dependence of central sensory physiology on systemic E 2 (Fig. 3E) . Notably, these effects were absent or were in the opposite direction in non-monotonic cells (Fig. 3B, D and F) . Based on the level-tolerance model (Sadagopan and Wang, 2008) , which suggests that non-monotonic neurons allow the spectral content of a time-varying stimulus to be encoded by neuronal firing rates without the confounding effect of stimulus intensity, the authors hypothesized that E 2 might act selectively on monotonic neurons to enhance signal detection in thereproductive season, while the stability of the non-monotonic neurons may act to preserve signal recognition throughout the year. Thus, in the white-crowned sparrow, high levels of circulating E 2 , typical of the breeding season, simultaneously diminishes auditory brainstem function (Caras et al., 2010) , and enhances the function of a select cell population in the primary auditory forebrain (Caras et al., 2012) .
In order to speculate about the adaptive significance of these findings, one must make note of the fact that during the breeding season, songbirds are capable of singing at extremely high intensities, ranging from 74-105 dB SPL at a distance of 1 meter (Brackenbury, 1979 ). Thus, one possibility worth considering is that estrogenic signaling reducesresponsiveness of the auditory periphery and brainstem to protect the system from noise-induced damage. Conversely, because accurate song perception is important for female mate choice, it would be disadvantageous to have diminished auditory function throughout the auditory pathway. Thus, E 2 may simultaneously enhance the responses of monotonic field L neurons in part to offset the effects at the periphery.
Other researchers also have reported enhanced songbird auditory forebrain function during the reproductive season. For example, extracellular single-and multi-unit recordings have shown that in the sensorimotor nucleus HVC of the canary (Serinus canaria), long-day photoperiods significantly increase spontaneous activity, increase the proportion of putative interneurons, and enhance neural selectivity (in males) for BOS (Del Negro and Edeline, 2002; Del Negro et al.,2005; Del Negro et al., 2000) . On some level, these results are similar to those reported by Remage-Healey and Joshi (2012) for HVC neurons after manipulation of local E 2 levels in NCM of the non-seasonally breeding zebra finch (see Section 3.4.1 above). Thus, these findings raise the interesting possibility that in seasonal breeders, such as the canary, changes in day length may modulate the synthesis of local E 2 in NCM.
Several additional songbird studies have investigated seasonal patterns of neural activation by examining expression of the immediate-early gene zenk (also known as zif-268, egr-1, krox-24 and NGFI-A), and its protein product ZENK, both of which are hallmarks of recent neural activity (for reviews seeManey and Pinaud, 2011; Mello et al., 2004) . In the seasonally-breeding whitethroated sparrow (Zonotrichia albicollis), systemic administration of E 2 modulates ZENK expression in two auditory forebrain regions (NCM and CMM), as well as the midbrain nucleus mesencephalicus lateralis pars dorsalis (the avian homolog of the mammalian inferior colliculus; see Fig. 2 ). Specifically, in E 2 -treated females, song exposure resulted in a higher density of ZENK + cells than pure-tone exposure. This stimulus specificity was absent in untreated birds (Maney et al., 2006; Sanford et al., 2010) . A similar result was reported for freely-living male black-capped chickadees (Poecile atricapillus): in the breeding season, there was ahigher density of ZENK + cells in NCM of birds exposed to chickadee songs and calls, compared to those that heard songs of a heterospecific (Phillmore et al., 2011) . These findings may underlie behavioral responsiveness to acoustic cues, as E 2 treatment increases the frequency of song-evoked copulation solicitation displays (a stereotyped behavior evoked by mate-ready females) in white-throated sparrows (Maney et al., 2006 (Maney et al., , 2008 Sanford et al., 2010) . All together, the above findings suggest that in seasonally-breeding songbird species, natural fluctuations in systemic E 2 shape stimulus-evoked response properties in the songbird auditory periphery, brainstem, and forebrain, ultimately enhancing neural and behavioral selectivity for conspecificvocalizations.
What are the molecular mechanisms?
As the previous sections have made clear, E 2 appears to be an important regulator of auditory function across a wide range of animal taxa, including humans, and acts on multiple auditory structures. The classical view of estrogenic signaling is that E 2 Fig. 3 . Estradiol enhances auditory forebrain tone responses in a cell-specific and dose-dependent manner. Single-unit responses to pure-tones at characteristic frequencies were recorded in the primary auditory forebrain, field L, of female white-crowned sparrows brought into breeding (high E 2 ) or non-breeding condition (low E 2 ) in the laboratory. (A and B) Mean ± S.E.M pure-tone response strengths are plotted as a function of stimulus intensity. In cells with monotonic rate-level functions (A), breeding condition significantly elevates firing rate response strengths compared to non-breeding condition (p < 0.05). (B) Breeding condition decreases response strengths of neurons with non-monotonic rate level functions (p < 0.05). (C-D) Individual single unit pure-tone thresholds (circles) are plotted for each experimental group, along with their means (bars). (C) Breeding condition significantly decreases pure-tone thresholds of monotonic neurons (p < 0.05), but has no effect on non-monotonic thresholds (D) . (E and F) Individual single unit pure-tone response strengths (circles) are plotted as a function of the circulating E 2 concentration. Data shown were collected at 50 dB SPL, but similar results were found for all stimulus intensities tested. (E) Monotonic response strengths are significantly and positively correlated with circulating levels of plasma E 2 . (F) Response strengths and E 2 levels are uncorrelated in non-monotonic neurons. Adapted with permission from Caras et al., 2012. crosses the plasma membrane and binds to an intracellular receptor, which dimerizes and directly regulates gene transcription by binding to estrogen response elements (EREs) in promoter regions of DNA. Various non-classical mechanisms also exist, including, but not limited to, ERE-independent co-regulation of DNA transcription, membrane receptor-initiated changes in cellular excitability, and ligand-independent activation of ERs by other second messengers (Charitidi et al., 2009; Chow et al., 2010; Kelly and Rønnekleiv, 2009; Zakon, 1998) . Thus, in order to more fully understand the influence of E 2 on sensory circuits, and determine its potential role in the treatment of auditory dysfunction, one must identify the downstream signaling cascades that underlie its effects. Therefore, the following sections discuss some of the molecules that are known to be modulated by estrogens, and highlight their role in auditory processing.
BDNF mediates estrogenic protection of the mammalian auditory system
Among the several growth-promoting factors, brain-derived neurotrophic factor, or BDNF, is a widely-expressed protein important for the development and maintenance of cells in the peripheral and central nervous system. Like other neurotrophins, BDNF issecreted by target cells and acts on innervating neurons by binding to the p75 neurotrophin receptor or the tropomyosin-related kinase receptor, TrkB (Ramekers et al., 2012) .
Several lines of evidence support the hypothesis that estrogenic regulation of BDNF signaling impacts auditory function. BDNF is expressed in both the developing and mature auditory system (Green et al., 2012) and supports the survival of spiral-ganglion neurons after an ototoxic challenge (Staecker et al., 1996) . Estrogens modulate BDNF gene expression; however, whether such modulation leads to an increase or decrease in BDNF levels depends on the specific brain region, and the presence or absence of other sex-steroid hormones, such as progesterone (for review see Sohrabji and Lewis,2006) . Meltser et al. (2008) explored the relationship between estrogenic signaling and BDNF expression in detail by making use of male and female transgenic knockout mice. Initially, the authors found significantly lower levels of BDNF protein in the cochleae of ERb and aromatase knockout mice, compared with wild-type litter-mates. Administration of a selective ERb agonist (DPN) significantly increased BDNF concentration in aromatase knockouts, supporting the idea that ERb-dependent signaling cascades modulate BDNF expression. The authors then exposed the mice to highintensity broadband noise, designed to induce a temporary threshold shift. ERb knockouts were more susceptible to this acoustic trauma than wild-type mice, as evidenced by significantly greater ABR threshold shifts. Moreover, while wild-type mice demonstrated a robust reduction in BDNF levels after noise exposure, ERbknockouts only exhibited mild decreases in BDNF expression. These findings suggest that under normal conditions, E 2 regulates and maintains relatively high levels of BDNF expression in the cochlea by binding specifically to ERb; after acoustic trauma, this BDNF is released, protecting auditory sensitivity.
In addition to its protective effects, BDNF also regulates auditory processing under non-pathological conditions. A recent study by Zuccotti et al. (2012) conditionally eliminated BDNF from hair cells, spiral ganglion cells, the dorsal cochlear nucleus, and the inferior colliculus of male and female mice. Such BDNF transgenics demonstrated poorer ABR thresholds, reduced exocytosis from basally located inner hair cells, fewer ribbon synapses in mid-basal regions of the cochlea, and fewer afferent fibers. Notably, ribbon synapse number was normal at the age of hearing onset, indicatingthat BDNF is involved in synaptic maintenance, rather than development. Collectively, these studies strongly support a role for BDNF in estrogenic modulation of auditory function, and suggest that direct manipulation of BDNF levels may be of therapeutic value in the treatment of auditory symptoms in estrogen-deficient clinical populations.
GABA may mediate estrogenic enhancement of songbird auditory activity
Gamma-Aminobutyric acid, or GABA, is the primary inhibitory neurotransmitter in the adult central nervous system. Its synthesis is regulated by the rate-limiting enzyme, glutamic acid decarboxylase (GAD), which has two known isoforms that differ in molecular weight: GAD65 (encoded by the gad2 gene) and GAD67 (encoded by the gad1 gene). GABA affects the electrochemical gradient of cells by binding to oneof its three known receptor subtypes. In adults, ligand binding to the GABA A and GABA C receptors, which gate ionotropic chloride channels, result in chloride influx and dampen neural activity via hyperpolarization. By contrast, the GABA B receptor is metabotropic and is found at both pre-and postsynaptic loci. GABA binding to postsynaptic GABA B receptors dampens excitability by inhibiting calcium influx (for review see Chalifoux and Carter, 2011) . GABA binding of presynaptic GABA B receptors, on the other hand, reduces calcium influx and subsequent vesicle release (for reviews see Watanabe et al., 2002; Grothe and Koch, 2011) .
GABAergic transmission helps maintain balanced excitation and inhibition in central nervous system networks, and serves severalimportant functions in auditory processing. In the auditory brainstem, GABA-receptor activation modulates binaural processing, which has important implications for sound localization and sound segregation (for review see Grothe and Koch, 2011) . Numerous in vivo studies utilizing bicuculline, a GABA A receptor antagonist, have highlighted the importance of GABAergic inhibition in shaping frequency tuning at multiple levels of the ascending auditory pathway (Fukui et al., 2010; LeBeau et al., 2001; Suga et al., 1997; Yang et al., 1992) . Additional reports indicate that inhibition modulates the selectivity of single inferior colliculus neurons for conspecific vocalizations, in part by changing receptive field properties (Klug et al., 2002; Mayko et al., 2012; Xie et al.,2005) . These findings are similar to estrogenic effects on auditory processing in a number of organisms, raising the possibility that in some circumstances, E 2 shapes auditory function by regulating GABA expression or release.
In fact, several lines of evidence indicate that E 2 can influence both of these processes. Much of this evidence comes from studies of non-auditory brain regions, particularly the hippocampus. As it is beyond the scope of this review to summarize this rich body of literature, only a few key studies are highlighted here.
For example, E 2 regulates GAD65 and GAD67 mRNA levels (McCarthy et al., 1995) and acts via the classical, receptor-dependent pathway to directly modulate transcriptional activation of the gad2 promoter (Hudgenset al., 2009) . At an anatomical level, E 2 increases dendritic spine formation in cultured hippocampal neurons by temporarily downregulating GABAergic inhibitory transmission (Murphy et al., 1998) and similar regulation of GABA signaling has been shown in vivo (Rudick and Woolley, 2001) . Functionally, E 2 suppresses hippocampal inhibitory synaptic transmission by acting through an ERa-dependent mechanism that decreases the probability of GABA release (Huang and Woolley, 2012) . Thus, E 2 is capable of altering synaptic plasticity by regulating GABAergic inhibition.
Surprisingly, few studies have examined the relationship between E 2 and GABA in the auditory system. Jeong et al. (2011) demonstrated that GAD65 mRNA is co-expressed with aromatase and ER mRNA in male and female zebra finch NCM. Additionally, Tremere et al. (2009) made whole-cell patch-clamp recordings from zebra finch NCM neurons in an acute slice preparation. Bath application of E 2 decreased the frequency of miniature inhibitory postsynaptic currents (mIPSCs), whereas tamoxifen, a putative ER antagonist, increased the mIPSC frequency. Miniature IPSCs were largely abolished by application of the GABA A receptor antagonist, bicuculline, suggesting that in NCM, E 2 increases neural activity by suppressing GABA A -mediated inhibitory transmission. Future studies should determine whether similar mechanisms shape auditory function in the mammalian auditory cortex, in which cells similarly co-express GAD65, ER and aromatase mRNA .
Norepinephrine may mediate estrogenic regulation of song selectivity
Based on the available evidence, one of the most likely candidates for mediating estrogenic effects on auditory processing is the catecholaminergic neuromodulator norepinephrine (NE). In the biosynthesis of NE, also known as noradrenaline, two important enzymes stand out: dopamine beta-hydroxylase (DBH), which converts dopamine into NE, and tyrosine hydroxylase (TH), the rate-limiting enzyme responsible for converting the amino acid tyrosine into the dopamine preursor L-Dopa. The primary source of NE in the central nervous system is the brainstem nucleus, locus coeruleus (LoC), which provides extensive innervation to the forebrain (Berridge and Waterhouse, 2003) . Asseveral noradrenergic receptor subtypes exist, NE has a wide range of effects on both intrinsic membrane physiology and synaptic transmission (Berridge and Waterhouse, 2003) . In sensory networks, the implications of noradrenergic signaling are well known; NE enhances signal-to-noise ratios, shapes receptive fields, and fine-tunes temporal coding (Hurley et al., 2004) .
The majority of evidence suggesting that estrogenic effects on auditory function may be mediated through the noradrenergic system comes from studies on songbird species. For example, catecholaminergic cells in the zebra finch LoC concentrate E 2 (Heritage et al., 1980) and TH + LoC cells in the male canary express ER mRNA (Maney et al., 2001) .Additionally, Barclay and Harding (1990) found that administration of E 2 to castrated zebra finches restored normal NE levels and turnover rates in multiple brain regions. Together, these findings indicate that in at least two songbird species, the noradrenergic system is sensitive to E 2 .
Physiological, genomic and behavioral studies have revealed a bidirectional interaction between NE and the songbird auditory system. For instance, infusion of NE directly into sound responsive regions of male zebra finches affects single-and multi-unit spontaneous and stimulus-evoked firing rates (Cardin and Schmidt, 2004; Dave et al., 1998) , though whether activity is enhanced or suppressed depends on a non-monotonic dose response curve (Cardin and Schmidt, 2004) .Additionally, Velho et al. (2012) demonstrated that expression of the activity-dependent marker zenk, and auditory memory formation requires normal noradrenergic signaling in NCM of female zebra finches. At the behavioral level, several studies have shown that NE depletion or noradrenergic antagonism affects the detection, preference, and/or discrimination of conspecific vocalizations (Canaries: Appeltants et al., 2002; European starlings: Pawlisch et al., 2011; Riters and Pawlisch, 2007 ; Zebra finches: Vyas et al., 2008) . In contrast, sound exposure increases the number of ZENK + catecholaminergic cells in the LoC of female zebra finches (Lynch et al., 2012) , and rapidlymodulates TH activation in the white-throated sparrow auditory forebrain (Matragrano et al., 2012b) . Thus, in the songbird, auditory stimulation activates the noradrenaline system, and NE in turn shapes neural and behavioral responses to acoustic cues.
Over the past decade, the Maney laboratory conducted a series of detailed studies investigating NE-mediated estrogenic effects on the auditory system of female white-throated sparrows. Their work demonstrates that the E 2 -mediated increase in ZENK song selectivity in NCM (Maney et al., 2006 and summarized earlier) is accompanied by elevated TH immunoreactivity in the auditory forebrain and LoC (LeBlanc et al., 2007) , increased noradrenergic fiber density in midbrain and forebrain auditory structures, and elevated levels of NE in theauditory forebrain (Matragrano et al., 2011) . Collectively, these findings strongly implicate NE in the estrogenic modulation of songbird auditory function. Future studies are needed to determine the precise functional role other monoamines play in this process, as a separate study similarly implicated serotonin in mediating the effects of E 2 (Matragrano et al., 2012a) . Additionally, it is worth noting that the rodent LoC is also sensitive to estrogens (Helena et al., 2006; Serova et al., 2004) , which suggests that these findings may have important implications for non-avian species.
Summary and conclusions
This review has evaluated our current state ofknowledge regarding the impacts of estrogenic signaling on information processing in vertebrate auditory circuits. As research on this topic continues to expand, it is becoming increasingly clear that E 2 serves several important functions. First, it appears that E 2 may influence the development of the mammalian auditory system. This deduction is supported by: (1) the existence of sex differences in human infant auditory function, (2) the presence of auditory pathology in Turner's syndrome children, and (3) the masculinization of OAEs in rhesus monkeys and sheep after prenatal administration of testosterone, the biosynthetic precursor to E 2 . It must be cautioned, however, that androgenic signaling may directly mediate these effects. Future studies employing non-aromatizable androgens, aromatase inhibitors, and/or androgen receptor antagonists are needed to conclusively identify the hormones and receptors involved in these organizationalprocesses, and to determine the precise developmental time-window during which the auditory system is most sensitive to hormonal signaling.
Another principal that emerges from this review is the notion that estrogenic action protects the mammalian auditory system from noise-induced and age-related damage, possibly via ERbdependent biochemical signaling cascades. This idea is supported by: (1) an increased rate of hearing decline in women with Turner's syndrome compared to the normal population, (2) delayed onset of age-related hearing loss in female mice compared to male mice, (3) increased susceptibility to acoustic trauma in ERb knockout mice, and (4) reduced susceptibility to acoustic trauma in mice pre-treated with an ERb agonist. Together, these findings raise the possibility of estrogen receptor-targeted approaches for treatments aimed at combating or preventing hearing loss.
An additional key role of E 2 appears to be the augmentation of auditory processing during periods of reproductive readiness. Evidence for this idea is revealed by: (1) enhanced response properties of the anuran torus semicircularis during the breeding season and reduced responses after mating, (2) an E 2 -dependent shift in peripheral frequency tuning towards the dominant harmonic of the male advertisement call in female midshipman fish during the summer breeding season, (3) better auditory sensitivity of gravid cichlid fish compared to mouthbrooding females, (4) elevated neural activity and selectivity in HVC of canaries during long-day photoperiods, (5) increased response strengths of select cell populations in E 2 -treated white-crowned sparrows, (6) heightened ZENK and behavioral selectivity for conspecific songs in E 2 -treated whitethroated sparrows and reproductively active black-capped chickadees, and (7) enhanced auditory sensitivity of women outside ofmenstruation. Collectively, these findings strongly imply that estrogen-mediated auditory plasticity is widespread among the vertebrate lineage, and plays a crucial role in optimizing behavioral responses to courtship-related acoustic cues.
Finally, this review has highlighted the importance of brain-derived E 2 in regulating auditory responses in the zebra finch forebrain. Here, exposure to conspecific vocalizations upregulates the synthesis of E 2 in NCM, which acts rapidly via a membrane-bound receptor to enhance sound-evoked cellular properties. Additional research is needed to determine whether this finding is unique to zebra finches, or is a common regulatory mechanism that may have clinical implications.
While it may be far-fetched to imply that estrogenic mechanisms in the myriad of species discussed here have direct correlates in humans, it is hoped that this review will nonethelessprovoke thought on potential comprehensive strategies towards the restoration of auditory function in patients with hormonal imbalances.
